The Connectivity Map database contains microarray signatures of gene expression derived from approximately 6000 experiments that examined the effects of approximately 1300 single drugs on several human cancer cell lines. We used these data to prioritize pairs of drugs expected to reverse the changes in gene expression observed in the kidneys of a mouse model of HIV-associated nephropathy (Tg26 mice). We predicted that the combination of an angiotensin-converting enzyme (ACE) inhibitor and a histone deacetylase inhibitor would maximally reverse the disease-associated expression of genes in the kidneys of these mice. Testing the combination of these inhibitors in Tg26 mice revealed an additive renoprotective effect, as suggested by reduction of proteinuria, improvement of renal function, and attenuation of kidney injury. Furthermore, we observed the predicted treatment-associated changes in the expression of selected genes and pathway components. In summary, these data suggest that the combination of an ACE inhibitor and a histone deacetylase inhibitor could have therapeutic potential for various kidney diseases. In addition, this study provides proof-of-concept that drug-induced expression signatures have potential use in predicting the effects of combination drug therapy.
Treatment options for kidney diseases that display fibrosis are limited, and combination therapy is expected to be more effective because of the disease complexity. For example, the combination of angiotensin-converting enzyme inhibitors (ACEIs) with angiotensin-receptor blockers (ARBs), 1 renin inhibitors with ACEIs, 2 and aldosterone inhibitors with ACEIs 3,4 are expected to provide better renal protection than use of these drugs as monotherapies. However, large clinical trials demonstrated that these combination therapies lead to more harmful adverse events than beneficial effects. [5] [6] [7] [8] Combination therapies are mostly based on intuitive clinical experience and often target the same molecular pathways (e.g., the reninangiotensin II system). Such approaches commonly aggravate adverse effects, as evidenced by recent clinical trials. 9 A rational approach to predict combinations of drugs for better protection from kidney injury is urgently needed. Systems pharmacology, a new and emerging offshoot of systems biology, is aiming to link genome-wide measurements and biological networks with the effects of drugs on cells, tissues, and organisms to accelerate the discovery of new biomarker sets, drug targets, drugs, drug combinations, and prediction of adverse and desired drug-induced effects in individual patients. 10 One of the early and seminal contributions to the field of systems pharmacology was a large-scale study conducted at the Broad Institute called the Connectivity Map (CMAP). 11 In this study, approximately 6000 genome-wide mRNA microarray experiments were performed using human cancer cell lines, 6 hours after exposure to approximately 1300 individual drugs, many of them Food and Drug Administration (FDA) approved, in different concentrations. The idea behind the CMAP study is revolutionary for drug discovery because it promotes a signature-based drug profiling approach, avoiding the need for details about the specifics of drug targets or even knowledge of the targeted pathways. 12 The CMAP website provides access to all experimental data for download, as well as a web-based tool to query the database for drugs and experiments that match user input lists of up and down differentially expressed genes. For this study, we implemented a different algorithm to match user-provided lists of differentially expressed genes with drug-induced signatures from CMAP. Our method searches for combinations of drugs instead of single drugs. The method searches for a pair of drugs that can theoretically maximally flip the expression of genes that are downregulated or upregulated in the disease on the basis of the effects of those drugs on gene expression in cells from CMAP. To achieve this, we first extracted the 500 genes that are most upregulated or most downregulated by each experiment in CMAP. Given as input two gene lists (down-or upregulated genes in the disease), we exhaustively searched for pairs of drugs that upregulate the downregulated genes in the disease and downregulate the upregulated genes in the disease, with minimally upregulating genes that are already listed as up, or downregulating genes that changed in the down direction.
Using this approach, we determined potential drug combinations that could reverse the maximal number of genes altered in the kidneys of HIV-1 transgenic mice (Tg26), a model for HIV-associated nephropathy (HIVAN), compared with their wild-type littermates. 13 The method predicted that the combination of an ACEI with a histone deacetylase inhibitor (HDACI) could reverse the maximal number of genes altered in Tg26 kidneys. To examine the validity of this prediction, we experimentally confirmed that ACEI and HDACI together provide additive renal protection in Tg26 mice. In addition, we further confirmed that the genes predicted to be flipped by the drug combination are indeed altered after drug treatment.
RESULTS

Prediction of Drug Combinations That Could Reverse Gene Expression Altered in Tg26 Kidneys
To process the microarray gene expression from CMAP, we first downloaded the ranked gene list table from http://www. broadinstitute.org/cmap/ and extracted the top and bottom 500 genes from each experiment to generate two gene set libraries (one for upregulated genes and the other for downregulate genes). Each library consists of approximately 6000 rows, with each row containing lists of 500 most upregulated or downregulated genes for each experiment from CMAP. The analysis of gene expression microarrays obtained from kidneys of Tg26 mice compared with their wild-type littermates identified 1057, or 434, upregulated genes, and 413, or 72, downregulated genes on the basis of two different threshold criteria, respectively. The first and the less stringent criterion was a P value of 0.01 without the Benjamini-Hochberg correction, and the second criterion was a q-value of 0.1, which includes the Benjamini-Hochberg correction. These microarray data were deposited into National Center for Biotechnology Information (NCBI)'s Gene Expression Omnibus GEO record number GSE35226. 13 Supplemental Tables 1 and 2 list the differentially expressed genes with their expression levels.
We then assessed the overlap among these gene lists with the two gene set libraries created from CMAP to identify the top pairs of drugs (Table 1 and Supplemental Table 3 ). Using equation 1 described in detail in the Concise Methods section, we ranked pairs of drugs that can maximally reverse the differentially expressed genes in Tg26 mice. To match human and mouse genes, we used NCBI's homologene. The method is made available for general use to identify drug pairs for other diseases or for any similar experimental settings. We developed the software tool Drug Pair Seeker (DPS) which can be used to perform the analysis on any sets of mammalian upand downregulated genes. DPS, implemented in Java, is crossplatform independent and can be accessed at http://www. maayanlab.net/DPS.
Using this approach, we found that the ACEI (captopril) and HDACIs (trichostatin A or vorinostat) received high scores and are among the top 10 combinations that are predicted to maximally reverse the genes differentially expressed in Tg26 mice under both threshold criteria (Table 1 and Supplemental  Table 3 ). Captopril, an ACEI, has been widely used to treat patients with kidney diseases, 14 whereas trichostatin A or vorinostat, which are both HDACIs, have been recently shown to improve the status of kidney fibrosis in animal models of kidney diseases; 15 thus, we decided to focus on these two drugs. On the basis of our prior clinical and pharmacological understanding, other combinations among the top 10 are less likely to have renal protection, so we did not pursue them first. Furthermore, because some evidence already suggests that these two classes of drugs could potentially work individually, we decided to select ACEI and HDACI for further validation in combination. Our prediction is that captopril would potentially reverse 51 genes, trichostatin A could reverse 70 genes, and the combination of these two drugs could reverse 119 genes under the first threshold criteria (Table 1 ). In addition, under the more stringent criterion, captopril could reverse 23 genes and vironostat could reverse 37 genes, while their combination could reverse 58 genes (Supplemental Table  3 ). Among these genes, only a few, such as CCL2 and SLC33A1 (under the less stringent criterion) are predicted to be reversed by both drugs, suggesting that these two classes of drugs are probably acting through distinct pathways.
In vivo Validation: Combination Therapy with ACEI and HDACI Provides an Additive Effect Compared with Monotherapy We used benazepril (an ACEI), which is a drug similar to captopril, and vorinostat (SAHA) as the HDACI to treat Tg26 mice and their age-and sex-matched wild-type littermates. SAHA was chosen instead of trichostatin A because it is an already FDA-approved drug, whereas HDACI is currently used for treating patients with various types of cancer. 16 Benazepril was used in the study because it has a longer half-life than captopril. Tg26 mice usually develop proteinuria at age 4 weeks and progressively proceed to renal failure at age 8-12 weeks. We found that after 6 weeks of therapy, benazepril or SAHA alone reduced proteinuria, improved renal function, and attenuated kidney injury in Tg26 mice compared with mice treated with vehicle (Figures 1 and 2) . Moreover, mice treated with both benazepril and SAHA had significantly less proteinuria and kidney injury and better renal function than mice treated with benazepril or SAHA alone, indicating that the combined therapy provided additive renal protective effect compared with the two monotherapies alone (Figures 1 and  2 ). The kidney histologic features of these mice were scored (Table 2 ) and were consistent with renal function. We did not observe any abnormal behavior or changes in physical conditions in these mice, regardless of whether the mice were treated with monotherapy or combined therapy. In addition, body weight did not differ between the mice treated with vehicle, monotherapy, or combined therapy ( Table 3) .
Validation of Gene Expression Changes in Kidney
Cortices from Mice Treated with Benazepril or SAHA Alone or in Combination Next we aimed to determine whether genes predicted to be reversed by these two drugs computationally were indeed reversed in the kidney cortices of mice treated with the drugs. From each group, we selected genes that most likely play a role in the pathogenesis of HIVAN according to previous studies (Table 4 ) and then measured their expression levels by Top 10 computationally predicted combination of drugs using the less stringent criteria of ANOVA with P,0.01 without the Benjamini-Hochberg correction for determining differentially expressed genes in HIVAN from Tg26 mice. The numbers next to each drug name represents the specific experiment number from CMAP. This number can be used for finding more information about the CMAP experiment, such as cell type, concentration, and microarray platform. "Coverage" means the number of genes the drug potentially flips in the right direction, and "conflicts" means the number of genes the drug is potentially changing in the undesired direction. Trichostatin A is an HDAC inhibitor; lansoprazole is a proton-pump inhibitor; betulinic acid is an apoptosis inducer and an anti-cancer agent; tolnaftate is an antifungal; captopril is an ACE inhibitor; trapidil is a vasodilator and an antiplatelet agent; fulvestrant is an estrogen receptor antagonist; meteneprost is a synthetic prostaglandin E analogue; and verapamil is an L-type calcium-channel blocker. real-time PCR. We found that eight out of the nine selected genes were reversed in the kidneys of these mice by benazepril treatment, and 9 of 11 selected genes were reversed by SAHA treatment ( Figure 3 , A and B). The two overlapping genes (CCCL2 and SLC7A1) that were predicted to be regulated by both benazepril and SAHA were indeed inhibited in kidneys of Tg26 mice treated with benazepril or SAHA ( Figure 3 , A and B).
Pathway Analysis of Genes Altered in Tg26 Kidneys and Predicted to be
Reversed by ACEI and HDACI To understand the molecular mechanisms behind how these two drugs work alone or together, we performed pathway enrichment analysis on the genes predicted to be reversed by these two drugs. We applied gene list enrichment analysis using the BioCarta, KEGG (Kyoto Encyclopedia of Genes and Genomes [KEGG]), 17 WikiPathways, 18 ChIP-seq/chip enrichment analysis (ChEA), 19 kinase enrichment analysis (KEA), 20 protein interaction hubs, Mouse Genome Informatics-Mammalian Phenotype, 21 and Human Gene Atlas (cell types expression) 22 gene set libraries implemented within our software tools Lists2Networks 23 and Expression2Kinases 24 (Supplemental Tables 4-7) . These tools use the Fisher exact test to compute P values for probability for overlap between two independent sets of genes. To visualize the results, we created square grids in which each square represents a gene set library term (e.g., a specific cell signaling pathway from BioCarta, WikiPathways, or KEGG) (Figure 4 , A-D). Bright squares represent enriched overlapping terms P values, and terms are organized on the grid based on their gene content similarity.
The enriched terms are affected by drug treatments based on overlapping genes associated with the term and also affected by the treatments with captopril or trichostatin A. Some top overlapping terms/squares are annotated, and the complete enrichment analysis results are provided in Supplemental Tables 4-7 .
The enrichment analysis for the differentially expressed genes in Tg26 mice that are predicted to be reversed by trichostatin A show enrichment for genes that are highly expressed in immune cells, such as CD14+ monocytes, CD33+ myeloid, and BDCA4+ dendritic cells based on the Human Gene Atlas gene set library. This gene set library was created by identifying genes that are highly expressed in a specific tissue compared with the average and SD expression of the gene in 84 different human cell types. 22 Abnormal immune system was also reported based on the Mouse Genome InformaticsMammalian Phenotype gene set library enrichment analysis. This library is created from the Mouse Phenotype ontology developed by the Jackson Lab, where knockout genes in mice are assigned to mouse phenotype ontology; 21 Toll-like receptor and NFkB pathways are enriched on the basis of BioCarta pathways; the GATA1 transcription is enriched according to ChEA 19 ; and Erk1 and PI3K are enriched protein hubs. The protein hub library includes all proteins with 50 or more known direct binding partners; the IRAK1 kinase substrates are enriched based on KEA; 20 and IL-3, IL-5, and IL-6 Figure 2 . Combination therapy with ACEI and HDACI improves renal function and reduces proteinuria more than monotherapy. At euthanasia, blood and urine samples were collected for determination of BUN and urinary albumin and creatinine (Cr) ratio as described in the Concise Methods section. *P,0.01 compared with all other groups, **P,0.01 compared with Tg26 mice treated with benazepril or SAHA, n=6. Data are means 6 SD. Cr, creatinine; WT, wild-type. pathways are based on WikiPathways 18 ( Figure 4A and Supplemental Table 4 ). Hence, trichostatin A is an anti-inflammatory drug that reduces inflammation in the kidneys of HIVAN mice, where it is probably acting through the IL and NFkB pathways. We also analyzed the enriched terms for all (n=1000) up and down differentially expressed genes affected Trichostatin A and captopril could reverse the maximal number of genes (n=119) altered in Tg26 kidneys while exacerbating a minimal number of genes (n=51). Among these genes, many are known to be critically involved in HIVAN, such as CCL2, NFkB1, CCNA2, and MYC. Two genes (CCL2 and SLC7A1) are overlapped between trichostatin A and captopril. The highlighted genes (red) were selected because they are known to be involved in the kidney disease and were further tested experimentally. These genes were validated by real-time PCR, as shown in Figure 3 . 2 indicates decrease; + indicates increase. Figure 3 . Validation of expression of genes that are altered in Tg26 kidneys and predicted to be reversed by ACEI or HDACI. Total RNA was isolated from kidney cortices of Tg26 mice treated with vehicle, SAHA, or benazepril. Real-time PCR was analyzed for the genes that are altered in Tg26 kidneys and predicted to be reversed by HDACI (A) or reversed by ACEI (B) or both (C). Data are means 6 SD. n=6; *P,0.01 compared with Tg26 mice treated with vehicle. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; WT, wild-type. Figure 4B and Supplemental Table 5 ). Interestingly, and although for a completely different set of input genes, the enrichment analysis for the differentially expressed genes in Tg26 mice that are potentially reversed by captopril, also show enrichment for genes that are highly expressed in immune cells such as CD14+ monocytes, CD33+ myeloid, BDCA4+ dendritic cells based on the Human Gene Atlas, and abnormal immune system based on Mouse Genome Informatics-Mammalian Phenotype. However, this effect is mediated through different pathways: SMAD1 and SMAD2 are the enriched transcription factors based on the ChEA gene set library; IL7R, TGFBR1, CASP8, JAK1, JAK2 are the enriched protein hubs; JAK1-3 and TGFBR1 have many kinase substrates based on the KEA gene set library; and apoptosis, IL-3, IL-7, IL-9 and TGF-b pathways based on WikiPathways ( Figure 4C and Supplemental Table 6 ). We also analyzed the enriched terms for all (n=1000) the up and down differentially expressed genes affected by captopril treatment for the particular experiment in CMAP that maximally reversed genes from our HIVAN model (experiment 1988 in CMAP). As was seen with the same analysis for trichostatin A, the results for all the differentially expressed genes from experiment 1988 in CMAP before consideration of the overlap with Tg26 are consistent with the enrichment shown in Figure 4C . The overlapping genes show enrichment for the p38, apoptosis, and oxidative stress pathways ( Figure 4D and Supplemental Table 7 ); p38 also stands out with many substrates based on the KEA analysis. Hence, both drugs appear to be anti-inflammatory but working through different pathways: trichostatin A through NFkB signaling and captopril through TGF-b/Smad, Jak/Stat3, and p38/oxidative stress pathways. All these pathways are well known to be involved in the pathogenesis of HIVAN as well as in other kidney fibrotic diseases.
Pathway Validation in Kidneys of Mice Treated with Benazepril or SAHA Alone or in Combination
Because the pathway analysis shows that NFkB-mediated inflammatory pathway is more specific for trichostatin A and that TGF-b/Smad, p38/oxidative stress pathways are more specific for captopril, we selected these pathways for further experimental validation. These pathways are already known to be involved in HIVAN as well as in other kidney diseases. [25] [26] [27] [28] We confirmed that SAHA affects more NFkB target genes in kidneys of Tg26 mice than does benazepril, whereas benazepril affects more Smad3 and p38 phosphorylation and oxidative stress (as measured by reduced glutathione and oxidized glutathione ratio) than SAHA ( Figure 5 ). It is known that activation of the angiotensin system induces Smad3 phosphorylation and oxidative stress [29] [30] [31] whereas HDAC interacts with the NFkB pathway. 32 Our findings are consistent with our computational predictions. These results support that SAHA and benazepril probably affect distinct pathways in the diseased kidney.
DISCUSSION
A large body of evidence suggests that ACEI or ARBs slow the progression of kidney disease. However, these drugs do not completely stop disease progression. Therefore, it is critical to develop more effective therapies. Here, we developed a general approach to predict the potential of drug combinations to reverse the abnormal gene expression observed in HIVAN. Our analysis identified the combination of ACEI and HDACI as potentially having the most effective outcome for drug pairs among the approximately 1300 drugs and 6000 experiments computationally screened to reverse the abnormal gene expression observed in HIVAN. ACEIs are already known to provide renal protection and have been used clinically to treat patients with kidney disease. 14 However, ACEIs and HDACIs together have never been tested. Our analysis predicts that the combination of ACEI and HDACI could reverse 119 genes, which make up about 25% of the genes significantly altered in the diseased kidney from a mouse model of HIVAN. The combination therapy is probably affecting several important pathways involved in kidney inflammation and fibrosis, including NFkB, IL, TGF-b, mitogen-activated protein kinase, and apoptosis signaling. Both drugs are probably anti-inflammatory but work through different pathways with a converged phenotype.
Our approach has several limitations. The fact that the data in CMAP were obtained from human cancer cell lines makes these data of questionable relevance to kidney cells and kidney disease in mice. Our approach is based on the assumption that even though CMAP was created using human cancer cell lines, the direction of gene expression induced by drugs is preserved across cell types and organisms. This assumption has not been proven yet and could be true only for some drugs and some cell types. However, our results from the computational analysis and the validation experiments are consistent with this hypothesis. Future studies are required to validate this approach more globally. Ideally, we would test many combinations New Combination Therapy for Kidney Disease of drugs to assess the quality of the rankings that the computational method produced. Testing many drug combinations in mice is expensive and time consuming, and thus is not feasible. Therefore, we selected the most promising pair (ACEI plus HDACI) for further testing on the basis of the existing evidence suggesting that these drugs may work in combination. ACEI is considered as the current standard therapy to treat kidney disease, 14 and our combination therapy was compared with ACEI monotherapy, which is consistent with all current clinical trials for kidney disease. One advantage of using CMAP is that it includes most FDA-approved drugs. Thus, drugs combinations identified from CMAP could be quickly translated to clinical trials for repositioning and repurposing. In addition, our findings support that the drug predictions from CMAP have potential implication for other forms of kidney disease besides HIVAN, and perhaps nonkidney fibrotic diseases, such as liver fibrosis.
Although the incidence of HIVAN has decreased because of antiretroviral therapy, the disease prevalence remains high as a result of aging of the cohort. 33, 34 Kidney disease in these patients is probably related to diseases of accelerated aging, including arteriosclerosis, hypertension, and diabetes. Tg26 mouse is an excellent animal model for CKD because it recapitulates many of the findings seen in humans, including glomerulosclerosis and interstitial fibrosis. 35, 36 Because ACEI is known to have renal protection in many kinds of kidney diseases and HDACI is known to have general antifibrosis effects, it is likely that combination therapy with these two drugs could provide renal protection in many forms of kidney disease.
Our study suggests that a clinical trial combining ACEI and HDACI might be warranted. The adverse effects of ACEI are well documented, including hyperkalemia and worsening of renal function. These adverse effects are unlikely to be enhanced by HDACI. In addition, our prediction attempted to exclude the drug combinations that could exacerbate the expression of genes already altered in the diseased kidney. We hope that this part of the strategy could help to avoid some potential adverse effects caused by combination therapy. We did not observe any obvious adverse effects in our animal studies. However, this does not mean that combination therapy with ACEI and HDACI will not cause serious adverse effects in humans. Future studies are required to confirm the effects of this combination therapy in other animal models and for longer duration of therapy before this approach can be applied in humans. In addition, it will be interesting to further determine the mechanisms of the interaction between ACEI and HDACI. A limitation of the study is that the effect of these inhibitors on BP was not assessed in these animals. It has been reported that Tg26 displays slightly elevated BP compared with wild-type littermates and that ARBs can reduce BP in Tg26 mice. 37, 38 In summary, we used a computational approach to predict a drug combination based on a database of drug-induced gene expression signatures. This tool helped us to predict potential drug combinations after incorporating the differential gene expression profiles from the disease model of HIVAN. Using this approach, we predicted that the combination of ACEI and HDACI provides additive effects in improving the status of kidney injury in the Tg26 mouse. Then, we experimentally validated this combination therapy to show that it does indeed provide additive renal protection compared with monotherapy. We also analyzed and experimentally validated the potential pathways mediating the protective effects of these drugs. Our approach can be used for searching drug combinations for kidney diseases and other disorders. Users are provided with an easy-to use software tool called DPS to test the approach in other contexts.
CONCISE METHODS
Prioritizing Pairs of Drugs
From the CMAP database at http://www.broadinstitute.org/cmap/, we first downloaded the ranked lists of probes table. This table is freely available for download and provides the ranks of all genes as Reduced glutathione and oxidized glutathione were measured by the kit as described and the ratio was calculated. n=6; *P,0.01 compared with wild-type, **P,0.01 compared with Tg26 mice treated with benazepril. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GSH/GSSG, reduced glutathione and oxidized glutathione; WT, wild-type. Data are means 6 SD.
microarray probes based on their change in expression after all the approximately 6000 drug perturbation experiments. From this table, we extracted the top and bottom 500 differentially expressed genes by converting probe identification numbers to Entrez gene symbols using the Affymetrix lookup table associated with the platform. Probe identification numbers for the same genes were condensed to the most high or low expressed probes. To compute pairwise combinations of drugs for sets of up and down differentially expressed gene lists, we assume some degree of additivity within the perturbing effects of pairs of drugs ( i.e., the perturbation resulting from drug d i and drug d j acting in combination is d i + d j , then given as input a set of up-and downregulated genes determined between two conditions), and using the top 500 and bottom 500 genes affected by all the drug perturbation experiments from CMAP, we identify pairs of drugs that maximally flip the expression of the inputted differentially expressed genes and minimally exacerbate the expression of the input genes as follows:
Score for reversing expression back to the control state
Where ∩ means intersection between two sets; up-indicates a lists of upregulated genes in disease; down-indicates a list of downregulated genes in disease; up di indicates genes upregulated by a drug in the ith experiment in CMAP; and down di -indicates genes downregulated by a drug in the ith experiment in CMAP. No proportion test or normalization is needed because all the lists from CMAP are of the same size. Because searching for all combinations is computationally expensive, we devised a simple heuristic that performs optimally without covering the entire search space. We first search for all single drugs that have a maximal score as described above. Then, for the top 100 ranked drugs from the initial single drug search, we search the second drug that in combination with the first drug would have the maximal score. A software tool that allows users to perform the same analysis for any sets of differentially expressed genes, and a dedicated website for hosting the software online with a user manual is provided at http://www.maayanlab.net/DPS.
Animal Studies
Male Tg26 mice at age 4 weeks were given vehicle, SAHA at 50 mg/kg per day (Cayman Chemical Company, catalog no. 10009929), benazepril at 10 mg/kg per day (Sigma, catalog number B0935), or SAHA plus benazepril by daily gavage (n=6) for 6 weeks. The vehicle was made by an aqueous 4% methyl solution (Sigma M0262) containing 1.3% polyethylene glycol (Fluka 81172). Body weights were recorded before the treatment and at the end of the treatment. Unrestricted food and water were provided throughout the duration of the experiment. So that blood, urine, and tissue could be collected, the mice were euthanized at 10 weeks of age by exposure to carbon monoxide. All animal studies were performed according to the protocols approved by Institutional Animal Care and Use Committee at the Mount Sinai School of Medicine.
Measurement of BUN, Urine Protein, and Creatinine
BUN was measured by using a commercially available kit (Bioassay Systems, Hayward, CA). Urine albumin was quantified by ELISA using a kit from Bethyl Laboratory Inc. (Houston, TX). Urine creatinine levels were measured in the same samples using QuantiChrom Creatinine Assay Kit (DICT-500) (BioAssay Systems) according to the manufacturer instruction. The urine albumin excretion rate was expressed as the ratio of albumin to creatinine.
Quantitative Histopathology
Mice were perfused with PBS containing 4% paraformaldehyde, and kidneys were further fixed in 4% paraformaldehyde for 2 hours. Kidney tissue was embedded into paraffin. Kidney histologic features were examined after periodic acid-Schiff staining. Glomerulosclerosis was scored as described previously by Dr. D'Agati. 39 Briefly, each specimen received a score for three measures: percentage of glomerulosclerosis, percentage of tubular cysts or casts, and podocyte hypertrophy. The percentage of glomerulosclerosis was obtained by identifying the total number of glomeruli with any sclerosis and dividing this number by the total number of glomeruli seen. The percentage of tubular cysts or casts score was obtained by the number of tubules with microcystic dilatation or tubules filled with casts divided by the total number of tubular cross sections in a representative area. Finally, the degree of podocyte hypertrophy was scored as 0 (absence), 1+ (podocyte hypertrophy observed in ,25% of all glomeruli), 2+ (podocyte hypertrophy observed in 25%-50% of all glomeruli), and 3+ (podocyte hypertrophy in .50% of all glomeruli).
Real-time PCR
Total RNAwas isolated from kidney cortices of these mice using TRIzol (Invitrogen). Real-time PCR was performed with a Roche Lightcycler and Qiagen QuantiTect One Step RTPCR SYBR green kit (Qiagen) according to the manufacturer's instructions. Predesigned primer sets were obtained from Qiagen (GeneGlobe), and the sequences are listed in Supplemental Table 8 . Light cycler analysis software was used to determine crossing points using the second derivative method. Data were normalized to housekeeping genes (tubulin) and presented as fold increase compared with RNA isolated from wild-type animals using the 2 2DDCT method.
Western Blot
Kidney cortices were lysed with a buffer containing 1% Triton, a protease inhibitor cocktail, and tyrosine and serine-threonine phosphorylation inhibitors. Lysates were subjected to immunoblot analysis using antibodies for phosphor-and total p38, Smad3 (Cell Signaling), and anti-glyceraldehyde 3-phosphate dehydrogenase (Sigma).
Measurement of Reduced Glutathione and Oxidized Glutathione Ratio
Reduced glutathione and oxidized glutathione were analyzed in tissue lysates of kidney cortices with a colorimetric reaction kit (OxisResearch, Portland, OR) using a modified protocol based on the manufacturer's instructions. The levels were first normalized to the protein concentration of kidney tissue lysates and the ratio was determined.
